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RECONFIGURATION CONTROL SYSTEM
FOR AN AIRCRAFT WING

This invention was made under Contract No. NAS 1-20275
awarded by NASA. The Government has certain rights in this
invention.

BACKGROUND OF THE INVENTION

The present invention relates generally to aerodynamics
and, more particularly, to a reconfiguration control system for
optimizing the spanwise lift distribution on a blended wing-
body aircraft by reconfiguring the deflection of trailing edge
control surfaces.

There are primarily two types of aircraft configurations:
the more common configuration which includes a tail section
comprised of vertical and horizontal stabilizers located at the
aft end of a tubular fuselage; and the tailless configuration. As
to tailless aircraft, there are two sub-types: a first type which
has no central body, commonly known as a “flying wing,” and
a second type having a central body which is blended into
laterally extending wings.

Tailless aircraft possess the advantages of inherently lower
weight and drag than a comparatively sized conventional
aircraft having a fuselage and tail section. Several features of
tailless aircraft effect these advantages. First, the need to
enclose payloads in the wing results in thicker airfoil sections
that are efficient at resisting bending loads, thereby lowering
the necessary structural weight. Second, payload and fuel are
distributed in the spanwise direction, which shifts the weight
closer to where the lift is generated, thus reducing the struc-
tural loads that must be carried. Third, elimination of hori-
zontal and vertical tail surfaces reduces the aircraft’s wetted
area and thus reduces parasite (skin friction) drag. These
advantages have enticed aircraft designers to consider tailless
configurations for a variety of military and commercial appli-
cations.

Tailless aircraft have several shortcomings that have frus-
trated those who seek to realize the significant advantages
offered by this design. Because tail moment arms (the dis-
tance between the control surfaces and the center of gravity)
are shorter, greater changes in local lift may be required to
trim the airplane through different flight conditions. Deflect-
ing control surfaces to trim the aircraft usually changes the
spanwise lift distribution in a way that increases induced drag
(drag from vortical energy imparted to the air in the process of
generating lift).

Furthermore, tailless aircraft are more sensitive to shifts in
location of the center of gravity along the longitudinal axis
than are conventional aircraft having fuselages and tail sec-
tions. A shift in the center of gravity could be caused during
flight by the use and transfer of fuel or by the movement of
passengers and cargo. While conventional aircraft adjust to
shifts in center of gravity with minimal change in wing lift
distribution and drag characteristics, tailless aircraft require
substantial changes in lift distribution that have a correspond-
ing impact on drag. This presents a somewhat intractable
problem that has impeded the development of a commercial
airliner having a tailless design.

Based on the foregoing, it can be appreciated that there
presently exists a need for a tailless aircraft which overcomes
the above described shortcomings of the tailless aircraft of the
prior art and which enhances the aerodynamic and weight
advantages inherent to a tailless design. The present invention
fulfills this need in the art.
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2
SUMMARY OF THE INVENTION

The present invention encompasses a system to reconfigure
the control surfaces and the resulting spanwise lift distribu-
tion of a blended wing-body aircraft, to optimize its aerody-
namic characteristics in a number of flight regimes. Indepen-
dently deflectable control surfaces are located on the trailing
edge of the wing of the blended wing-body aircraft. The
amount and direction of the deflection of each control surface
has been determined so as to optimize the spanwise lift dis-
tribution across the wing for each of a variety of flight con-
ditions. The control surfaces are accordingly deflected and
reconfigured to their predetermined optimal positions when
the aircraft is in each of the aforementioned flight conditions.
Optimal control surface reconfigurations have been respec-
tively calculated for the flight conditions of cruise, pitch
maneuver, and low speed.

Withrespect to cruise, the control surfaces are reconfigured
to achieve a spanwise lift distribution that optimizes the lift to
drag ratio while maintaining the aircraft at a trimmed angle of
attack. Only minimal deflections of control surfaces are nec-
essary because the wing’s baseline design is for optimal per-
formance at the cruise condition.

In a pitch maneuver, the control surfaces are deflected to
pitch the nose up or down, which increases loading on the
wing frame. The control surfaces are reconfigured to achieve
a spanwise lift distribution that minimizes the increased
bending moments (about the bending axis) that necessarily
result from increased loading on the wing. Minimizing the
bending moments is desirable because increased bending
moments require stronger aircraft structures, which means
larger and heavier aircraft structures. The minimization of
bending moments is achieved by deflecting the control sur-
faces to effect increased inboard lift in conjunction with
decreased lift near the wing tips. Additionally, the deflected
control surfaces provide the aircraft with additional pitch trim
necessary for a pitch maneuver.

The primary considerations for low speed conditions (e.g.,
takeoff and landing) are maximizing lift and maintaining
trim. At low speeds, the control surfaces are configured to
improve maximum lift and delay stall while simultaneously
trimming the airplane. Control surfaces are deflected down-
ward in stall critical regions, increasing the maximum lift of
those sections. In regions that are not stall-critical, control
surfaces may be deflected upward to trim the airplane.

BRIEF DESCRIPTION OF THE DRAWINGS

These and various other features and advantages of the
present invention will be readily understood with reference to
the following detailed description read conjunction with the
attached drawings, in which:

FIG. 11is a schematic drawing of a conventional aircraft of
the prior art having a tubular fuselage and an appended tail
section which includes a vertical stabilizer and a horizontal
stabilizer;

FIG. 2 is a schematic drawing of a tailless aircraft of the
prior art;

FIG. 3 is a perspective view of a blended wing-body air-
craft incorporating the reconfigurable control surface system
of the present invention;

FIG. 4 is a perspective view of one side of the blended
wing-body aircraft incorporating the reconfiguration control
surface system of the present invention;

FIG. 5 depicts the reconfiguration of the control surfaces
and the spanwise lift distribution for cruise;



US 7,455,264 B2

3

FIG. 6 depicts the reconfiguration of the control surfaces
and the spanwise lift distribution for a pitch maneuver; and

FIG. 7 depicts the reconfiguration of the control surfaces
and the spanwise lift distribution for maximum lift at low
speed.

DETAILED DESCRIPTION OF THE INVENTION

An exemplary conventional aircraft 20 having a tail section
is schematically depicted in FIG. 1. Aircraft 20 includes tubu-
lar fuselage 21, wing 23, horizontal stabilizer 25, and vertical
stabilizer 27. When loaded, aircraft 20 has center of gravity
29. Horizontal stabilizer 25 controls the rotation of aircraft 20
about the pitch axis passing through center of gravity 29.
Vertical stabilizer 27 controls the rotation of aircraft 20 about
the vertical, or “yaw,” axis passing through center of gravity
29.

The vector L. represents the lift generated by wing 23. The
additional lift generated by fuselage 21 is small in compari-
son to the lift generated by wing 23, and will be ignored
herein. The vector I represents the lift generated by horizontal
stabilizer 25 and is adjusted as necessary to stabilize the pitch
moments of the aircraft. The presence of horizontal stabilizer
25 and vertical stabilizer 27 contributes a significant compo-
nent to the total drag coefficient for aircraft 20.

Another drawback inherent to aircraft 20 is the weight of
fuselage 21. Fuselage 21 is present primarily to carry pay-
load. Secondary functions of the fuselage are to provide a
pitch moment arm of sufficient length to allow the pitch
rotation of aircraft 20 to be controlled by the lift I generated
by horizontal stabilizer 25 and to provide a yaw moment arm
of sufficient length to allow the yaw rotation of aircraft 20 to
be controlled by the force vector generated by vertical stabi-
lizer 27.

Also, the conventional aircraft design demands that the
wings sustain large bending moments. The wings experience
large bending moments because a substantial portion of the
weight of the aircraft is located in the fuselage, due to payload
location and structural weight. Yet, the majority of lift gener-
ated by the aircraft is located on the wings. Wing 23 must,
therefore, be designed to withstand the bending moment
induced by the difference in centers of lift and weight, in
addition to the forces and moments created by aircraft maneu-
vers. Strengthening of the wing requires more structural
weight than would otherwise be called for, leading to higher
take-off weights.

The drawbacks inherent to conventional aircraft designs
exemplified by aircraft 20 have led aeronautical engineers to
consider tailless designs. A perspective view of an exemplary
tailless aircraft 30 is schematically depicted in FIG. 2. Air-
craft 30 includes deflectable reflexes 33, deflectable control
surfaces 35, trailing edge 37, center of gravity 38, and center
of pressure line 39. Reflexes 33 and control surfaces 35 are
located in the trailing edge 37. Moreover, reflexes 33 are the
most outboard of the deflectable control surfaces. Line 39 is
the locus of the centers of pressure for the respective chord-
wise cross sections taken along the span of aircraft 30.

The flight of tailless aircraft 30 is controlled and stabilized
by the appropriate deflections of control surfaces 35 and
reflexes 33. Upward deflection of the control surfaces 35
moves the center of pressure for the entire wing forward,
generating pitching moments that rotate the nose of the air-
craft 30 in an upwardly direction. Similarly, downward
deflection of the control surfaces 35 moves the center of
pressure for the entire wing in an aft direction, generating
pitching moments that rotate the nose of the aircraft in a
downwardly direction. The steady-state angle-of-attack
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resulting from deflection of the control surfaces 35 depends
upon the stability of the aircraft 30.

At forward center-of-gravity, the aircraft 30 will generally
bein a stable configuration, with the lift due to angle-of attack
generating nose-down pitching moments that must be coun-
tered by a net upward deflection of the control surfaces 35.
When in an aft center-of-gravity configuration, the aircraft 30
is potentially unstable, with the lift due to angle-of-attack
generating nose-up pitching moments that must be countered
with a net downward defection of the control surfaces 35.
When in such an unstable condition, the control system will
deflect control surfaces 35 in an upward direction to pitch the
aircraft 30 to the desired angle-of-attack and then deflect
control surfaces 35 in a downward direction to maintain the
angle-of-attack. The differences in controlling the aircraft 30
at forward and aft center-of-gravity provokes consideration of
both conditions in determining the control surface deflection
scheme. Reflexes 33, lying aft of the center-of-gravity 38 and
having the longest pitching moment arm of all the control
surfaces, are most effective at trimming the aircraft 30 to the
desired angle of attack.

As may be discerned by cursory inspection of FIG. 2,
tailless aircraft 30 has no horizontal and vertical stabilizers
projecting into the ambient airstream, and thus has lower
parasite drag than conventional aircraft 20. Moreover, since
the flight of tailless aircraft 30 is controlled and stabilized
without horizontal and vertical stabilizers, it does not utilize
the moment arm to the aforementioned stabilizers otherwise
provided by a fuselage. The absence of a fuselage further
lowers the drag coefficient and weight of tailless aircraft 30 in
comparison to conventional aircraft 20. Wing section 31 of
tailless aircraft 30 may weigh less than wing 23 of aircraft 20
because the distribution of the structural and payload weights
oppose the lift in such a way to reduce the bending moment.

Although tailless aircraft provide the aforementioned
advantages over aircraft having a conventional fuselage and a
tail section, tailless aircraft suffer from at least one major
shortcoming. Namely, for tailless aircraft 30, the pitch
moment arm from center of gravity 38 to the lift vector I
generated by reflexes 33 is shorter than the corresponding
pitch moment arm for aircraft 20 between center-of-gravity
29 and the negative lift I generated by horizontal stabilizer 25.
This renders aircraft 30 more sensitive to changes in the
longitudinal station of center-of-gravity 38, for example, due
to a shift in the location of cargo or fuel during flight, or the
placement of cargo during loading on the ground. Alterna-
tively stated, the aerodynamic envelope for stable and con-
trolled flight for tailless aircraft 30 is narrower and thus will
tolerate less movement of loaded center-of-gravity 38, in
comparison to the wider envelope for conventional aircraft
20. This characteristic makes it more challenging to design a
tailless aircraft.

FIG. 3 is a perspective view of blended wing-body aircraft
41, which incorporates a control surface reconfiguration sys-
tem 43, which constitutes a preferred embodiment of the
present invention. Although the preferred embodiment of the
present invention is implemented in a blended wing-body
aircraft, it could also be used to optimize the aerodynamic
characteristics and reduce the weight of a conventional wing
on a conventional aircraft having a tubular fuselage and an
appended tail section, such as aircraft 20.

FIG. 41is a perspective view of the half of aircraft 41 located
on one side of longitudinal axis of symmetry 45. The remain-
ing half of aircraft 41 is the mirror image of that shown in FIG.
4, and is omitted for the sake of brevity. Aircraft 41 includes
six deflectable control surfaces: 47, 49, 51, 53, 55, and 57.
The aforementioned control surfaces are independently
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deflectable, and located on the trailing edge of aircraft 41. The
present invention is not limited to any particular number or
spanwise location of control surfaces.

An optimum reconfiguration of control surfaces 47, 49, 51,
53, 55 and 57 has been calculated for each of four flight
conditions: cruise, forward and aft center of gravity pitch
maneuvers, and maximum lift at low speed.

Cruise

6

outboard control surfaces 53, 55, and 57 are deflected down-
ward an appreciable amount to increase the maximum lift at
stall-critical regions. Only control surface 51 is deflected
upward to trim the aircraft. For some combinations of wing
configuration and flight condition fewer stall-critical regions
exist, resulting in the need for fewer downwardly deflected
control surfaces. In such cases, more control surfaces may be
deflected upward to trim the aircraft, achieving trim with
lower deflection angles and lower drag.

For the cruise condition, the control surfaces are reconfig- 19
ured to maximize the lift to drag ratio and to keep the aircraft
trimmed at a stable angle of attack. The optimal lift distribu- EXAMPLES
tion minimizes compressibility drag and lift-dependent vis-
cous drag. As shown in FIG. 5, this is accomplished with only As an example, the control surface deflections called for by
slight downward deflection of each of the control surfaces 15 o reconfiguration control surface system of the present
because? thg Wing’.s .baseline design is for thimal .per.for- invention were calculated assuming its use on a blended
mance in this COIld.ltIOIl. The resultant spanwise lift distribu- wing-body aircraft having the parameters set out in Table 1.
tion is also shown in FIG. 5. Table 2 sets out the deflections which will provide optimal
Pitch Maneuver >0 performance in each of the noted flight conditions. In accor-
The deflections of the respective control surfaces for the dance with common convention, a positive deflection is
pitch maneuver condition are shown in FIG. 6. The inboard downward, and a negative deflection is upward. This example
control surfaces 47 and 49 are deflected appreciably down- assumes that no slats are included on the leading edge.
ward to generate significant lift; control surface 51 remains
undeflected; control surface 53 is deflected slightly down- 25 TABLE 1
ward; and outboard control surfaces 55 and 57 are deflected ) )
upward to reduce lift. The lift generated by this configuration fi?%z drag ratio §§_806 nautical mies
trims aircraft 41 at an increased angle of attack and corre- cruise e 0.70
sponding increased total lift. However, the extent of inboard ~ cruise angle of attack , 29°
. . 30 maneuver angle of attack, aft center of gravity 3.9°
and outboard control surface deflections necessary to trim the maneuver angle of attack, forward center of 400
aircraft will depend on the center of gravity location. gravity
FIG. 6 also shows a typical spanwise lift distribution gen- iar?liislgfvé ;A“gle of attack 13-?;0
erated by the control surface deflection configuration of the landing SM 0.05°
present invention. The foregoing deflection reconfiguration
causes the bending moment about axis of symmetry 45
TABLE 2
% 15 span 0.0 91 227 409 591 773 1000 Ow 100w
inc. 0.0° 0.0° 2.3° 2.8° -3.6° -1.0° 3.6° 2.0° 1.0°
cruise 8.0° -28 08 45 07
aft center of gravity 19.5 -7.0 1.9 11.0 1.7
forward center of gravity -2.6° 0.9° -0.3° -1.5° -0.2°
high lift, low speed -15.0° -15.0° -8.8° 47° 5.6°

caused by the lift for this maneuver to be less than the bending
moment if the same lift was obtained using the conventional
deflection reconfiguration of the control surfaces. This is
because the lift is obtained by downwardly deflecting inboard
control surfaces 47 and 49 a significant amount, while
upwardly deflecting outboard surfaces 55 and 57 a lesser
amount. The reconfiguration of the present invention takes
into account the longer moment arms for outboard control
surfaces 55 and 57, in comparison to the shorter moment arms
for inboard control surfaces 47 and 49.

The reduction of the bending moment acting on the wing
allows the wing structure to be designed with less strength
than would be the case if a conventional reconfiguration of the
control surfaces were used, and the weight of the structure can
be concomitantly reduced.

Low Speed

FIG. 7 shows the control surface reconfiguration for maxi-
mum lift in a low speed condition, such as occurs during
landings and take-off. Inboard control surfaces 47 and 49 and
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The use of the deflection configurations of the present
invention is not limited to a blended wing-body aircraft or
conventional wing that does not have leading edge slats.
Indeed, it was determined by theoretical calculations that the
cruise performance of a blended wing body aircraft using the
control surface configurations of the present invention was
compromised without slats. Theoretical calculations which
incorporated leading edge slats from 59.1% semi-span to the
outboard wing tip indicate that the use of such slats provides
a more efficient cruise spanwise lift distribution using mini-
mal deflections of the trailing edge control surfaces.

A second illustrative example was calculated using slats on
the leading edge of a blended wing-body aircraft having the
parameters set out in Table 3. Table 4 sets out the control
surface deflections which will provide optimal performance
in each of the noted flight conditions. In accordance with
common convention, a positive deflection is downward, and a
negative deflection is upward.
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TABLE 3

8

6. The aircraft as set forth in claim 1 wherein the plurality of
flight conditions include a pitch maneuver wherein the
deflectable flight control surfaces are positioned to minimize

fg‘%z drag ratio ;;778 nautical miles the bending moment with respect to a bend axis of the wing.
cruise e 0.94 5 7. The aircraft as set forth in claim 1, wherein:
cruise angle of attack . 4.1° one of the different flight conditions comprises a pitch
maneuver angle of attack, aft center of gravity 5.2° - and
maneuver angle of attack, forward center of 6.2° maneuver; and, . .
gravity the control surface reconfiguration system functions to
landing angle of attack 18.1° achieve the required lifting force during the pitch
far;liigSI;AM ‘8'520 10 maneuver flight condition.
i 8. The aircraft as set forth in claim 7, wherein:
the aircraft has a longitudinal axis of symmetry; and,
TABLE 4

% V5 span 0.0 91 227 409 3591 773 1000 Ow 100w
ine. 0.0° 0.0° -1.3° -0.7° 04° 1.5° 2.0° 18  1.5°
cruise -1.8° 0.6 -08 01 -04
aft center of gravity 11.0 -3.8 4.6 -0.3 2.5
forward center of gravity -13.3 45 -55 04 =30
high lift at low speed -13.9 139 11.3 -27.8 -27.8

Although a presently preferred embodiment of the inven- 5  the control surface reconfiguration system functions to
tion has been described in detail hereinabove, it should be shift the spanwise force distribution towards the longi-
clearly understood that many variations and/or modifications tudinal axis without reducing lifting force, during the
of the basic inventive concepts taught herein which may pitch maneuver flight condition.
appear to those skilled in the pertinent art will still fall within 9. The aircraft as set forth in claim 1, wherein the aircraft is
the spirit and scope of the present invention as defined in the 33 a blended wing-body aircraft.
appendeq clalms. ) 10. The aircraft as set forth in claim 1, wherein the different

What 1s clalmed Is: ) flight conditions include cruise, takeoff, and pitch maneuvers.

1. A tallless. alrcraft,. 1.nclud1ng: . 11. An aircraft, including;

a wing having a trailing edge and independently deflect- a wine havine a trailine edee and independently deflect-
able flight control surfaces located along the trailing 35 blg ‘(1% o ‘(1% g dal hp i Y doe. th
edge, the wing being capable during flight of generatin; able control surlaces locatec along the rat'ing edge, the

26, ving & capa 8 g generating wing being capable during flight of generating a normal
a normal lifting force having a spanwise force distribu- . - - o
i the wine: and lifting force having a spanwise force distribution across
ion across the wing; and . the wing; and

a control surface reconfiguration system wherein, for each ofi . P lectivel fiouri h
of a plurality of different flight conditions, the flight 49  "° guration means for selectively reconfiguring the
control surfaces are selectively reconfigurable to respec- contr 01, sur face?s {0 respective pr edetenn}ne.d positions,
tive predetermined positions, which in combination, WhICh mn comjbln.atlop, are effectiveto opimize the span-
optimize the spanwise force distribution across the wing wise force dl.stnbutlon. across tl}e. wing for ?aCh of a
for each of the plurality of different flight conditions plurahty. of dlffere?n.t flight copdltlons including a low
including a low speed flight condition wherein first 45 speed flight .condmon wherein selected ones of .the
selected ones of the deflectable flight control surfaces deflectable flight control surfaces located at stall-critical
located at stall-critical spanwise locations are positioned spargv 1se locftll,of{ls aée plcljsmgngd tobincg.:alsle a loca}
to increase a local coefficient of lift and other deflectable coef clent of lift an P other de legta b ¢ thight contro
flight control surfaces are positioned to control pitch surtaces are positione to. contr.o pitch tr m.
rim. 50 12. The aircraft as set forth in claim 11, wherein:

2. The aircraft as set forth in claim 1, wherein: the lifting force generates a moment acting on the wing;

the lifting force generates a moment acting on the wing; and,
and the reconfiguration means functions to minimize the

the control surface reconfiguration system also minimizes moment for at least one of the different flight conditions.
the moment for at least one of the different flight condi- 55 13. The aircraft as set forth in claim 11, wherein:
tions.. . . - the control surface reconfiguration system minimizes the
t3h The ilrclraﬁrifs set fortl;iln Cl?,lm 2, v&;her em: h moment for the structurally crucial flight conditions.
6;100011111;? ¢ ;glr :tfsciﬁigﬁy %%iiﬁnﬂ?gﬁ tecngnlgilggilézes ¢ 14. The aircraft as set forth in claim 11, wherein the recon-
4. The aircraft as set forth in claim 1, wherein the control 49 figuration means also trims the.: ng' -
surface reconfiguration system also trims the wing. 15. The air cr aft as se.t forth m c.lalm 11. Whereln. ) )

5. The aircraft as set forth in claim 1, wherein: one of the dlffer.ent ﬂlght conditions comprises cruise, with

one of the different flight conditions comprises cruise, with the wing having a lift-to-drag ratio during cruise; and,
the wing having a lift-to-drag ratio during cruise; and the reconfiguration means functions to maximize the lift-

the control surface reconfiguration system functions to 63 to-drag ratio during the cruise flight condition.

maximize the lifi-to-drag ratio of the wing during the
cruise flight condition.

16. The aircraft as set forth in claim 11, wherein the plu-
rality of flight conditions include a pitch maneuver wherein
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the deflectable flight control surfaces are positioned to mini- predetermining for each of a plurality of different flight
mize the bending moment with respect to a bend axis of the conditions the respective position for each of the flight
wing. control surfaces, which in combination, optimize the
17. The aircraft as set forth in claim 11, wherein: spanwise force distribution across the wing for each of
one of the different flight conditions comprises a pitch 5 said different flight conditions including a low speed
maneuver; and, flight condition wherein first selected ones of the

the reconfiguration means functions to maximize the lift- deﬂect.able ﬂight control suri.“a.ces locate.d at stall-critical
ing force during the pitch maneuver flight condition. spanwise locatl.ons are positioned to increase a local

18. The aircraft as set forth in claim 17, wherein: coefficient of lift and other deflectable flight control

10 surfaces are positioned to control pitch trim;
subjecting said aircraft to atleast one of said different flight
control conditions; and
reconfiguring the control surfaces upwardly or down-
wardly to the respective predetermined positions when

) . . 15 subjecting said aircraft to each of said at least one flight
19. A method for controlling flight of a blended wing-body, control conditions to optimize the spanwise force distri-
tailless aircraft which includes a wing having a trailing edge bution across the wing.

and independently deflectable flight control surfaces located 20. The method as set forth in claim 19, including the step
along the trailing edge which are deflectable in upward and
downward directions, the wing being capable during flight of
generating a normal lifting force having a spanwise distribu-
tion across the wing, the method including the steps of: L

the aircraft is a blended wing-body with a longitudinal axis
of symmetry; and,

during the pitch maneuver, the reconfiguration means
functions to shift the spanwise force distribution towards
the longitudinal axis without reducing the lifting force.

of reconfiguring the control surfaces to control trim of the
20 aircraft.



